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THE ATOMIC CLOCK

An Atcmic Standard of Frequenc; and Tine

A Dasically new, rrirery standard of frequencg eand time, invariant with
age, has been developed at the National Bureau of itandards; an atomic clock
based on a constant natural frequency asscciated with the vibration of the
atons in the armonia molecule. 3Based on a principle developed by Dr. Harold
ILyons of the Bureau's microwave research laborator,, the new clock promises to
surpass by one or two orders of regnitude the accuracy of the present pricary
standard, the rotating earth. Dr. Lyons was assisited in the design and
censtruction of the clock by B. F. ﬁusten, E. D. Hegberling, and other members of
his gtaff.

This is the first atomic clock ever built and is controlled by a constant
frequency derived from a microwave absorpbion line of armonia gas, providing a
time constancy of cne part in ten million, Theorotical considerations indicate
a potential accuracy of one part in a billion cr even ten billion, depending on
the type of atomic system and spectrum line uscd.

The present crowding of the radio frequency srpectrum has imposed severe
limitations, both nationally and internationally, on the expanding use of radio
for industry and comrunications. The atomic clock may be cxpected to benefit
greatly the cormunications industries and the nilitsy services, for it will,
in effect, provide additional room in the redio freg..ency range for more
cormunication stations of all types. The present "redio space" allows for
a drifting of each station's frequgncy, so that a brouad "redio srace” is required
if interference with other stations is to be avoided. The maxirum wbilization

of available space in the radio spectrun depends on the accuracy with which
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the frequency of an individual station can be controlled, especially at the
higher frequencies where guartz crystals cannct be used as frequency controlling
elements. These frequencies, used by radar, television relays, and microwave
equirment in general, could be controlled by atomic elements. Such control
would also make possitle the permenent establishment of radio channels on

such an exact basis that tuning could be made as automatic as the dialing of a
telephone number.

The improvements in freguency end time measurement offered by the atomic
clock are also of fundamental importance in many fields of science. An absolute
time standard will be of specialvimportance in astronomy, where present time
standards leave much to be desired. The atomic clock and the method represent
important tools of research and development in every technical field where
precise measurements of time and freguency are crucial--for example, in long-
range radio navigetion systems, in the upper range ol the microwave region
where atomic systems can serve as electronic components, and in basic research
in microwave spectroscopy and molecular structure.

The present time and freguency standards are based on agtronomical
determinations of the period of rotation of the earth. However, the earth is
very gradually slowing down in response to the forces of tidal friction in
shallow seas. In addition, there are irreguler variations-~-scme of them
rather sudden--in the period of rotation, the reasoas for which are unknown.
These two causes are responsible for chenges in mean scolar time and therefore
in the frequency of any periodic or vibrating systems measured n terms of
such time standards.

In recent years, vibrations of atoms in molecules--or what are more

specifically termed spectrum lines originating in transitions between energy
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levels of these atomic systems--have been found in the microwave region of the
radio spectrum. It has been possible tb rake very precise meacurements of
these lines by radic methods using all-electronic equipment of unprecedented
sensitivity and resolution. When it became evident that such spectrum lines
might eventually provide new prirary frequency standards, scientists at the
National Bureau of Stendards begen secking e neans of utilizing one of these
lines to control an oscillator which in turn cculd be used to drive a clock,
Because the resulting equipment, the atomic clock, is controlled by the
invariable molecular system of ammonia gas, it is indepcndent of astroncmical
determinations of time.

The Natiocnal Bureau of Standards atomic clock consists essentially of a
crystal oscillator, a frequency multiplier, a frequency discriminator, and a
frequency divider, all housed in two vertical-type cabinet racks, on the top
of which are mounted & special 50-cycle clock and a waveguide absorption cell.
Ammonia gas under a pressure of 10 or 15 microns is maintained in this cell,

a rectangular 1/2 b'd l/h—inoh ccpper tube wound in a ccmpact 30-foot spiral
about the clock.

The new davelopment usesg an ebsorpbion freguoncy of ammonia to hold a
microwave gignal fixed. If the microwave signal oubpubl of a generator differs
in frequency from the ermonia absorption line, then the control circuits
generate an "error signal" which brings the nmicrowave signal back to the
frequency of the srectrum line. The oscillator generating the microvave signal
is thus.controlled, and the setting of the clock which it drives can be compared
with an astronomical clcck.

The microwave signal is initiated by a 100-kilocycle gquartz-crystal
oscillator or any other oscillator which, for purposes of convenlence and

accuracy, is designed for a high degree of stability. By means of vacuum-tube
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circuits and silicon-crystel diodes, this frequency is rulbiplied to provide
output signals throughout the microwave range. These signals are compared
with the frequency of a microwave spectrum line, in this case of arrmonia gas,
by suitable control circuits, often called frequency discriminetor or "gervo'
circuits. if the quartz-crystal oscillator drifts after the microwave sgignal
at the upper end of the rultiplier chain hes beern exactly tuned to the frequency
of the spectrum line, the discriminator circull generates en cubtput signal
which, through the proper control circuilts, can be applied to the oscillator
at the bottom of the multiplier chain tc bring it back to the proper ffequency.
By means of a freguency divider,Athe 100 kilocycles may be reduced to any
desired freguency for driving a clock; e.g. one thousand cycles or 50 cycles.

7

L/

Principles and Operztion—

Frequency-discriminator or servce-mechanism contrcl circuits for atomic
clocks might be developed in many different forms. The electronic control
circuit in the present atomic cleck is one succegsiul form of several being
developed by the National Bureau of Standards. It is now being refined to
give even greater time-keeping accuracy.

The fundamental frequency signal generated by the 100-kilocycle
oscillator is first rmltiplied up to 270 negceycles per second (abbreviated
Mc) by a frequency-rmltiplying chain using standerd low-frequency tures. In
the next step, the rultirlying chain is continued uvp to 2970 Mc by reans of a
freguency-rmltivlying klystron, which is also modulated by an FM oscillator
generating a signel at 13.8 ¥ 0,12 Mc. This mekes the frequency-modulated
output of the klystron 2983.8 I 0.12 Mc. After further amplification, the

frequency-modulated signal is rultiplied in a silicon crystal rectifier to
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23,8704 i 0.96 Mc, and fed to the armonia absorption cell. As the frequency
of this rodulated control signal sweeps acrcoss the absorption line frequency
of the arronia vapcr, the signal reaching the silicon crystal detector at the
end of the abscrption cell dips because of the absorpticn, thus giving o
negative output pulseog/

A second pulse is generated when the outpubt of the freguency-medulated
oscillator at 13.8 ¥ 0,12 Mc is fed to a mixer (or radic receiver) into which
is also fed a 12.5-Mc signal from the quartz-crystal rmltiplying chain. When
the signal sweeps acrcss the proper fregquency to be tuned in (12.5 Mc plus
the 1.39 Mc internediate frequenoy‘of the receiver, or 13.89 Mc), an output
pulse is generated. The time interval between the two pulses--that from the
absorption cell, caused by the absorption line, and that from the receiver or
nixer--is a meagure of the degree to which the fregquency-rultiplying chain is
tuned to the absgorption line. The two pulses can therefore be rade to control
a discriminator circuit which will give zero cutypuh when the time interval is
right (that is, when the circuit is tuned to the absorption line) and will
generate a control signal when the time interval is wrong. If the quartz-
crystal oscillator drifts in frequency ho higher values, the time interval
between the twe pulses increases; for frequencieg which are too low, the
interval decreases. The control signals thus zenerated are fed to a reactance
tube, which then forces the quartz-crystal circuit to oscillate at the correct
frequency to tune to the absorpticn line, The quartz-crystal oscillator is thus
locked to the ammcﬁia line. Frequency dividers then divide the precise 100-
kilocycle signal down to 50 cycles to drive an ordinery synchronous motor clock,
and also down to 100C cycles to drive a speclal synchronous-motor clock, which

is desigred for exact adjustment and comparison with asbronomical time to within




5/1000 of a second.

Control of the quartz-crystel circuit depends on the relative duration of
the positive and negative porticns of a square-wave signal generated by the
discriminator. In the discriminator, the two pulses between which the time
interval is to be measured turn a trigger circult or square~wave generator on
and off. When the time interval is correct, the on-off cycle generates no oubput
signal from the positive aud negative peak detectors driven by the square-wave
signal. The detectors or rectifiers drew current on the positive and negative
peaks of the square-wave, but when the positive and negative portions of the
square wave arc of equal duration, they balance and give no direct current output.
However, if the time interval betwéen the two input driving pulses gets longer
or shorter, the relative duration of the positive and negative rarts of the
square-wave changes so that a resultent direct-current output is generated.

This output is positive or negative, depending on the change in the time interval.
Thus, no conbtrol voltage is generated when the quartz-crystal oscillator is on
the proper frequency to agree, through the frequency-multiplying chain, with the
ammonia line; but a pesitive or negative control volbage is produced for correct -
ing the oscillator circuit when it drifts one way or the other from its proper
value.

One great adventage of this particular clock circuit lies in the inherent
short-time stability of the quartz-crystal cscilleior, which rakes 1t un-
necessary for the discriminator circuits to apply corrccting control signals
to the oscillator at a very rapid rate. The crystal and mulbiplier circuits
bridge the gap between the frequency of the clock and that of the abscrpticn
liné.

Recording equiprent and a frequency meter are used in checking the accuracy

of the clock. For this purpose, the frequency of the clock'!s crystal
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oscillator is compared to the frequency of the Bureauls vrirary frequency
- standards, a group of precisiomn, 100-kilocycle guartz-~cr;ystal oscillaters
calibrated in terms of the U.'S. Naval Observatcry time s?=mals. These oscill-
ators raintain constant frequency with respect tc each other to an accuracy of
one rart in a billion for intervels up to 10 hours end betteyr than one rart in
100 million per day. They can therefore be used 1o measure the wonstancy of the
atomic clock to this accuracy. This is done by beating the s. grals From the two
sources together at a frequency of 12.5 Mc to obtain greater m3asurement sensi-
tivity. A change of one cycle per seccnd in the frequecrncy of the beat note, as
recorded on the frequency meter or on an automatic recorder, indicates a frequency
variation of one part in 12.5 million. In recent tests the clock maintained a
congtancy of one part in ten million for several hours. These testes show that
the clock will lock accurately to the armonia line even when a rerturbing signal
is applied to the reactance tube in the abbempt to force the clcck to change its
rate.

Ultimate Accuracy

The uvltimate accuracy of an atomic clock depends on many factors, of which
the most important are those governing the width of the spectrum line. Spectrum
lines are not infinitely narrow but have a finite width covering a considerable
freguency range, since ators or rolecules do not emit or absorb radiation at
only one frequency but rather over a narrow band of frequencies. The ratio of
a line freguency to its width at the half-power roints 1ls called the q of the
line, in aralogy to the Q (quality) factor of resonent circuits used in standard
radio technique. The Q is a reasure of the gharpncos of the line and therefore
deternmines its usefulness as an accurate frequency and tire standard.

In the case of armonia, the natural line width determined by the dncertainty

principle of quantun mechanics gives a Q of abcut 1018 (a pillion billion). If &
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. Lirer
line width were determined only by the natural life 3ime of an excited state in
the ermonia molecule, giving a Q of 1018, fregquency and time could be determined
to better than one pert in e billion billion (1,000,000,000,000,000,000).
However, the line is-broadened by other factcrs which lower the Q to a value of
fronm 50,000 to 500,000, depending on the temperature and pressure cf the gas.
This may be compared to Q values of roughly 50,000 for a good cavity resonator
in a microwave circuit and values of 1,000,000 or so for the best quartz crystals.
The ermonia spectrum line thus has a Q approxireting that of the best quartz
crystals, though much more constant and stable.

The armonla rolecules in the absorption eell are moving rapidly in randonm
thermal motion at an average speed of alrost 2000 feet per second at roon
temperature. When a gas molecule in an absorption cell is approaching or receding
from the source of an electroragnetic wave becouse of ites heat motion, its
absorption frequency is different frorm that which it would have if it were
standing still. This gives rise to a "Doppler brocdening" of the ebsorption line,
analogous to the change in pitch of sound as its source approaches, passes, and
leaves an obscrver. Thus, the line width can Te reduced glightly by lowering
the terperature of the gas (or by using a heavier rclccule). Doppler broadening
lowers the G of the armonia line to about 330,000 at room temperatures.

Moleculer collisions alsc broaden the absorpticn line. This broadening
occurs because the ccllisions abruptly termincte the obsorption procegs, causing
the molecules to abscrb wove trains whoege lengths vaéy in & randonm way deternmined
by the distribution of time iuntervals between coliisions. A frequency analysis
of these wave traine shows a corresponding rendom distribution of absorbed
frequencies, all centering about a nmean value deterrined by the number of col=" .
lisions per second. In amnonia gas at a pressure of 10 microns there are about

120,000 collisions per second, giving en experinentally measured Q of 45,000 for
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the absorption line used. (This is the line known to spectroscopiste as the
3,3 line, for which the quantunm nurbers J and X are each equal to 3.)

Actually, there are rore ccllisions effectively interrupting the absorption
process In armonia than the kinetie theory of goses would indicate. Further
breoadening of the line results frorm collisions of the molecules with the walls,
and even near nisses between molecules cauge interaction strong enough to interrupt
absorption. The number of colligions rer second, and thus the ccllision broaden-
ing, cen be reduced by lowering the gas pressure. This process, 1if not carried
too far, does not reduce ebscrption in the gas, because the decrease in number of
molecules absorbing energy is offset by the increase in abscrption per molecule
resulting fror the increase in Q. However, when the pressure is reduced too
ruch, a phenomenon known as saturation of the line sets in, caused by an excess
of radiation. Too few molecules are then left in the prcper energy states to
absorb the microwave radiation coming into the cell. Many molecules, whiqh
norrally would be in the proper cnergy state to absorb the incoming radiation,
are in an excited state as & result of previocus absorphicn. Eventually these
molecules will emit thé quanta which they have absorbed, returning to the normal
level where abscrpbtion is again possible. However, as this process is slow, the
molecule usually returns to the ground level in a collision with enother molecule,
converting the absorbed radieticn into heat. As the gas pressure is lowered, the
nuriber of collisions is greatly reduced, and not enough molecules return te ground
levels. The excessive incoming radiation then weakens and broadens the absorption
line through seturation. The broadening results because saturation occurs earlier
. a% the peak of the lipe than out ot its wings.

Saturation can be eliminated by reducing the strength of the incoming
radiation. However, as the gas pressure end radiation intensity are both lowered,

a condition will finally be met for which the signal strength will be down in the




- 10 -
natural electrical nolse level of the circuits used toldctect the signal.
Circult noise then sets the ultimate limitation on the reduction of collision
and szturation broadening. It is eshimeted that 2 Q of 300,000 to 400,000 can
be attained at pressures of about one nicron--still a long way from the § of
the natural line width. Assuning that effective Q valucs of 00,000 can ve
obtained with armonia, an accuracy of one part in 100 nmillion or better should
be possible since a measurerent of the center of the absorption line to within
1/250 of the width of the line could be rade.

Applications and Significance

Improvement of the accuracy of the atomic clock will make it useful in
several fields of pure and applied science. The lengths of the mean solar day,
used in astronomical measurements, fluctuate as much as one part in 20 to 30
million, because of variations in the rate of rctotion of the earth on its axis.
The variation in present time standards, due to these fluctuations, causges
errors in the location of heavenly bodies and in studies of their orbits and
motions. The atonic clock offers the possibility of an invariaent master clock
against which the variation in the earth's time-keeping could be measured.

An absorption cell on an atomic clock could, for some purposes, take the place
of an astronomical observatory.

Broadcasts of standard frequency are of importance in keeping all kinds of
radio, radar, and electronic equipment properly tuned throughout the world.
This service is required in international transportation and cormunications so
that, foriexample, an airplane Vith radio navigeticnal equipment will be using
the right frequency wherever it is in the world and vhotever airport it is
using. At present, the Nationzl Bureau of Stendards Station, WWV, broadcasts

standard frequency ond time signals on several transmitter frequencies to all
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the world. The Navy Derartment also uses quartz-crystal clocks to brcadcast time
signals for navigational purposes. These quartz-crystal clecks drift slightly
in frequency and have to be adjusted to keep them in agreerent with the basic
astronomical time signals. Clocks of this tyre could be kept conetant auto-
maticall& by means of absorption lines.

Maintenance of transmitter frequency to within close limits is also necessary
to utilize the available radio spectrum efficiently. The use of lcng-distance
standard frequency broadcésts is complicated by a large reduction in accuracy due
to ionospheric effects, A long distance, short-wave sigpal travels around the
earth by reflection from the upper ionized regions cof the atmosphere, known as the
icnosphere, ZEvery morning at sunriée the icnosphere moves downward, and every
evening at sunset it rises. This daily variation in keight causes a Doppler
shift of the frequency of the reflected wave and, tcgether with other as yet
‘unknown cauges, is responsible for a reduction by a factor of 25 or more in the
accuracy of the frequency of the received signal.' Thus, the Bureau's standard
frequency broesdcast agrees with astronomical time signals to one part in one
hundred million at the transmitter but may be known to only one part in four
million after transmission over long distances. This difficulty cen be partly
cvercome in several ways. One is the provision of a local, precise frequency
standard- calibrated by means of received standard time signals alsc traﬁsmitted
by radio. However, this process, which requires a day or more, complicates the
egquipment problém and intrcduces additional errors, making impractical the use of
standard frequency broadcasts for instantanecus or continuous frequency cali-
‘brations of the highest precislon.

At the last Intermational Radic 6onference héld in Atlantic City in 1947,
pleng were formuleted to provide standard frequency end time broadcasts from many

stations located to render good service throughout the world. These services may
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be improved or simplified by means of ctomic clocks and freauency stenderds.
Such clocks could control the standard frequency emissions of the various stations
without checking end monitcring by astronsmical time signals. The Doppler
frequency shifts could then be eliminated by limiting transmission distances to
short ranges. Also, equirment anywhere in the world cculd ke cheeked against an
absorption line with the certainty of obtaining a precisicn calibretion against an
absolute stendard and withcut depending on a standard frequency broadeast.

One advantage of the rotating earth as the basic time~keeper is that it never
stops rotating or brecks down. Likewise, any man-made clock mist not break down
but must be kept running forever if it is to keep track of time from scme arbitrary
instant chosen as a gtarting point; With the present quartz-crystal clocks, this
difficulty is met by using a large nurber of similar clocks constantly inter-
compared so that breakdcwn of one dces nct mean a loss of time-keeping records,
While this procedure could also be used with atomic clocks, it would not be
necessary for use of the clock as a fregquency standard or for defining a sfandard
of time-intervals siﬁce these applications do not reguire contiﬁuous cperation of
the atomic clock,

The atomic clock should permit improvement in astroncmical time swmendards in
a way impossible with electric-pendulum or quartz—crystal‘clocks. It thus opens
the posgibility of improving the precision cf knowledge of the length of the year,
that is, the time it takes the esarth to revelve once in its orbit around the sun.
This is independent of the time it takes the earth to rctate once on its axis--
the mean sclar day. Measuroﬁents could then determine whether the mean sideral
year is more constant than the meen solar day, as scopme astroncmers believe may
be the case,

Although the use &f atomic time presents adventages in meny fields of

.

science, it will always be necessary for some purposes to have astroncmical time




standards, This is because the puinting of a telescope depends on the
orientation of the earth at the instant of observaticn, in other words, on

astroncmical time neasurerents which derive frem the roticn of the earth.
The NBS Progran amd Misrcwave Spectroscopy

The atomic clock prcgran is being carried cn at the Naticnal Bureau of
Standards along several different lines. Anong these is a project being developed
with the ccoperaticn of the atomic bean laboratory of Colurbia University which
may result in greatly improved accuracy. In this nethod, guantum transitions
in beens of atoms such as cesiunm will be used tc establish frequency and tire
standards. The broadening cf the lines by collisions and Doppler éffect is
largely eliminated in this rethod sc that the potential accuracy ls increased by
a factor of 10 to 100 or mecre. Calculations shew what an ultirate accuracy of
one part in ten billion mey be reached. The atomic teorn is again used in
conjunction with e quartz-crysfal cscillator and frecuency multiplier>system,
Just as in the present methcd using an absorption cell,

The chemical énalysis of reny heavy\moleoules by means of a nicrowave
spectroscope has been carried ocut by many investigators., This rakes it highly
desgirable to place frequency standerds on an atbmic basis at an early date in
order that better precision can be obtained in the measurement of moleculer
conétants. More and more chenicels will be analyzed as the technique is pushed
to higher and higher frequencies in the nmicrowave regicn. Spectroscopic analysis
has hitherto been dependent on infrared, opticel, and ultraviclet methods, which
for the nost part are linited to work on atoms and the simpler mclecules., How-
ever, a large pert of medical and industrial chemistry recuires analysis of
lerge, complicated molecules. The heavy molecules, rctating at slower rates,

usually have spectrum lines in the micrcwave region sc thet the recent advances
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in nicrowave neasurernent technique now provide highly ceccurste rethods for the
study of molecular ccmstitution. Such large molecules are principally involved
in the fields of high pclyrers, pléstics, rubber, textiles, oil, focods, drugs,
and biological chemicals such as vitamins.

Steble isctopes which are ncw available from the Atomic Energy Cormission,
are being widely applied in industry and medicine, and it is becoming important to
have quick, accurate instrurents for reasurements of the kind and quentity of
isctopes present in a sarple. Isotopic identificationxis nct possible by brdinary
chenical methods, which deal cnly with-the outer parts of an atom or molecule
and nct with the nucleus. The micrcwave spectrometer, having a resolution up to
100,000 tines greater than an infréred spectresceope, will be able to make'
neasurenents on ninute isotcpic samples, and it can be built to do this quickly
and accurately with autoratic, all-electronic components.

One of the mcst important applications of guartz crystaels is to the
frequency-control of transmitters and filters used in radio equipment-~bcoth
mllitary and civilian. If these transnitters voried in frequency, radio and
television sets would constantly have to be retuned, and ruch interference
between adjacent channel transmitters would also result. Telephone Companies
operate carrier telephone circuits in which large nurbers cf sirwltaneous
nessages are transmitted over the szme cable and are separated by means of
crystal filters. Similar needs are rmet in nicrowave relay networks used for
sirmltaneous corrmnicaticns, television; and M broadcasting., At the higher
frequencies, which are inaccessible to crystal csclllatcrs cr filters, the need
for frequency~control equipment is urgent. Here stomic oscillators and spectrun
lines usecd as filters would give the necegsary frequency ccontrol and stability.
A filter would conegist of é cell filled with a gas that would absorb many
different frequencies. A band-pass rather than a band-stop filter can also

be rnade by means of additionel nicrowave ccomponents called
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ragic tees. Such filters cculd be electrically tuncd by reking use of the Stark
effect, in which an applied electric field cen force a molecule to change its
frequency.,

Stable oscillateors for contreolling high~frequency transmitters can be made by
using a rethod similar to that in the present atomic clock. Here a discrininator
cr gervo circuit locks the transmitter to e spectrum line through a control
signal generated by the servo whenever the freguency drifss. However, it would be
advantageous tc elininate the servo or discrininator and develcop an atomic
cscillator in which the absorption line would directly determine the frequency
of the oscillator cr transritter. This would be analogous to a low-frequency
quartz-crystal oscillator and make possible rany new applications to microwave
radio systens.

Dr. Harold lycns, in recent work at the Naticnal Zureau of Standards, has
designed circuits of this type fcr use in transmitter coatrel and for making an
atanic clock and frequency standard withcut using discriminator cifcuits. In this
method, the atomic-oscillatcr frequency is reduced by means of fréquency dividers,
but no gquartz crystal-driven frequency-rmltiplying chain is used, as in the
present clceck, nor is any serve circult required. The circuilt is that of a
feedback oscillator in which feedback is obtained for the amplifier through a pmgic
tee only at the abscorption line frequency. The tee is balaﬁced at other
frequencies, but the abscrption occurriﬁg at the resonance frequency cf the line
unbalonces it and allows the sigpal to be pessed through so that the anplifier
cscillates, This circuit requires a nicrowave armplifier at the frequency of the
absorption line. Such amplifiers have been built, but are not yet cormercially
available, at 24,000 Mc where the armmonia lines are found.

Meanwhile, an exact equivalent of this circuit has been set up ot 3,000 Mc,

where amplifiers are now available. This circuit uses & rescnant cavity in an
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equivelent circuit of the abscrpticn line. As the cscillotor hog functicned
satisfactorily, an atteﬁpt is being rade to find sultable absorption lines in
the 3,000-Mc regicn. Thils invelves a search for the lines of deuvterated armonia,
in which some of the hydrogen ctoms in the armcenia nolecules have been reploced
by heavy hydrcgen (deuterium) etoms. The heavier deuterated armonia will give
lines at lower frequencies then crdinary agmchia. For example, when all three
hydrogen atoms have deuterium atoms substituted for then, the frequency will
go down to approxirately 1,200 Mc. The Natiornal Bureau of Stendards plans to
congtruct a ragic-tee atcomic oscillator using‘the lower-freguency armonia lines,
Another atomic oscillatcr to be comstructed at the Bureau will be similar to the
megic~tee type but will use a six-arm waveguide bridge to contrel the feedback
of the amplifier. This circult shculd largely elinincte possible effects of the
external circuits on the frequency of the cscillator, Thus, the oscillator,
controlled by the abscrption line alcne, should e ecspeciclly suitable for
primary atomic clocks and frequency stondards, Arclogous circults at low
frequencies, using quartz crystals in ordinery bridges, have beccome the most
precise gquartz crystal oscilletcrs so far constructed., The relative merits of
the magic-tee and bridge circuits are peimg investigated.

The atomic clock rmay eventually be used té improve the standard frequency
and time broadcasts of the Naticnal Bureau of Standards, both from Stetion WWV
and the Bureau's new station in Hewaii, WWVH. This cculd be dene by monitoring
the present quartz-crystal clocks with an atomic cleock and would be especially
useful at the Haweiian transmitter. A precise atomic clock would give the
Bureau a tire standard analogous to the Bureau's new chbomic standerd of length
provided by the invariant wavelength of the light frem a single rercury isctope
(519%).

The geal of using spectrum lines of individucl, isclated etoms in a field-
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free space to establish time and frequency standards is rost nearly attained in
the methed using quantun transitions in atomic beams. Both this methed and the
method using absorpticn cells ster from the applicaticn of atcmic physics to
practical problems. In fact, quentum mechanics must be used to calculate and
design the necessary apperatus, and the absorption by armeonie gas 1s a typical
quantum mechanical effect incarable of explanation by classical physics. The
armronia molecule, structurzlly like a pyramid with the three hydrogen atons
forming the triangular bese end the nitrogen ctom at the apex, continually turns
itgelf inside-cut, giving rise to a gquantun-rechenical resonence gbscrption.

The atomic clock is thus another example of the inmportence of atomic physics

to engineering. The overlapping of the fields of electronice and microwave
physics may well provide a new techgque for opening up the millimeter-wavelength
bands above the region where ordinary nmicrowave retheds are applicable and below

the region of opticel metheds.

1/

Microwave frequency stondords, Horcld Lyoneg, IFiysical Review, I&, 1203,
Nov. 1, (1948). The first diescussicn of the elisuic clock, pregented at
the meeting of the Arericen Physical Scciety in Washingbon, D. C., con
April 30, 1948,

Scmewhat sinilar pulse circuits were first used in a stabilized klystron
cscillator by Dr. W. D, Hersuberger of the RCA Leboratories, Princeton.
Such an application is fortunstely simpler than the application to an
atemic clock, which must work with ruch lower signel ievels,
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CAFTIONS FOR<ILLUSTRATIONS:

Figure 1. = The new atomic clock at the National Burcau of Standards is completely

contained in this unit with the clcctronic egquipment housed in a stan-
dard rack cabinet and the wavoguide absorption coll wound in o spiral around a
50=~cycle synchronous clock on top of thoe cabinet. From top to bottom, on the left
panels: freguency deviation recorder; 1C00-cycle synchronous motor clock (24~hour
dial); electronic frequency meter (drives deviation rccorder); 100-kilocycle
quartz-crystal oscillator; freguency dividers (divide 100 ke down to 50 and 1000
cycles); ‘regulated power supply for Llysbron tubes; rogulated plate and filament
power supplye. On the right panels: frequency comparator and deviation indicator;
monitoring oscilloscope; pulse amplifiers and shapers, and pulse discriminator;
d=c control voltage indicator; sweep generator, M modulator, and klystron fre-
quoncy multiplier (270 mc to 2984 mc); freoguency mulsiplier (100 ke to 270 me);
eloctronic vacuum gage; regulated plate and filament power supply.

FHOTO 17857=-1-320

Figure 2, ~ Details on size and construction of the atomic clock,developed at the
National Burcau of Standards, appecar in this general view of the back
of the equipments E. F, Husten (left) and E. D. Heberling (right), members of
the staff at the NBS Microwave Standards Laboratory, arec shovm making adjustments
on the clockl!s amplifier and power supply circuits. The amount of eguipment shown
is larger than needed for the clock alone since scme of the instruments are for
measurements and tests of performance, Actually, the circuits cssential to the
operation of the atomic clock could be condensed into one of the two cabinct racks,.
PHOTC 17857~2-320

Figure 3. = While the NBS Atomic Clock is in operation, the monitoring oscilloscope
' continuously displays a trace of the 3,3 absorption line of ammoniaa
The 3,3 line, strongest of many absorption lines in ammonia, corresponds to the
guantum transition in which the quantum numbers J and X both have the value '3,
The symmetric oubtput pulse is produced by absorption of the FM control signal
as 1t sweeps across the natural absorption-line frequency of the ammonia gas. The
sharpness of this line on fthe oscilloscope screen is an indication of the time-
keeping accuracy of the atomic clock, A frcequency scale may be inferred from the
known frequency interval (1.74 Mc) betweon the main 3,3 pulse and the first
satellite pulse on either sidc (fhe satellites are produced by nuclear quadrdfpole
moments of N+%), This shows that the width of the 333 absorption line at the
half-power points is about 0,3%5 lic; dividing the center froguency (23,870 Mc) by
this half-power value yields a Q of 71,200, FPHOTO 17857=4=320

Figure 4. - The gquantum transition by which the emmonia molecule (%top), EHz, ab-
sorbing energy at one sharply defined frequency, can turn itself

inside out is illustrated in classical terms by the schematic diagram (bobtom)a

An absorption line produced by such a transition serves as the frequency control

for the NBS Atomic Cloclte The ammonia molecule is in the form of a pyramid with

a nitrogen nucleus at the apex and three hydrogen nuclei at the base; each nucleus

is surrounded by its charactoristic eleetron charges The Average distance between

the nitrogen nucleus and each hydrogen nucleus is 1,01 Anrstroms; that between

the hydrogen nuclel is 1,83 Anggtromso The pyramid is about 0,38 Angstroms high,

and the H-N-H apex angle is 107°, PHOTO 17857-3-320
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Pigures 5 and 6,

Figure 5, = Simplifisd block diagran of the National Bureau of Standards Atomic
Clock., The fundanental driving signal originates in the 100-kilocycle
quartz-cryvstal oscillator, The frequency-multiplier and harmonic-generator chain
then multiplics this signal up to microwave frequencles by means of vacuum—tube
circuibs and silicon-crystal diodes, providing output signals throughout the micro-
wave range. Frequency-discriminator circuits in the coxtrol linlk then compare the
frequonoy of these signals with the ammonia frequenov standard, After the microwave
signal is exactly tuned to the fregucncy of the spectrum line, any tendency to drift

on the part of the guartz- crvukﬂl oscillator will cause the discriminator circuits
in the control link to send an "error signal" back to the oscillator, maintaining
it at the proper frequency, - The crystal oscillator is thus lecked to the invariant
froquency of the ammonia line, A frequency divider chain then drives a synchronous-
motor clock, first reducing the stablilized 100-kilocyclec signal to the clock
freguencye

Figure 6+ - The waveguide absorption cell uscd' in the NBS Atomic Cleck is a
rectangular copper tube wound in a compact spiral and provided with
mica windows to seal in the ammonia gas at reduccd pressurc. A 2983.8-megacycle
signal is fed through a coaxial catle to a type-1N26 silicon-crystal rectifier
inside the waveguide, This crystal rcctifies the input current and generates
strong harmonics which radiate down the waveguide. Tuning plupngers are shown at
the input and output of the cells for irpedance matching so that all of the signal
is used and none reflectede The present 30~foot cell gives a two-to-one total
reduction in signal amplitude, After passing through the absorption cell, the
signal is received by another type-llN26 silicon-crystal rectifiere This rectifier,
acting like a recciving antenna, gonerates an output current which dips due to
absorption as the input frequency sweeps across the absorption~line frequencya
FPHOTO 17857-5=-320

Figure 7. = The fundamental driving signal for the IBS Atomic Cloclk originates

in the 100=kilocycle quﬁrt7~crysta¢ oscillator (lower left), A
frequency-multiplying chain using ordinary radio tubes multiplies the signal up
to 270 megacycles; a frequency-multlplying klystron then multiplies the signal
11 more times and combines 1T with a signal from o 2Proguency-modulated oscillator
to produce an FM output signal at 2983¢8w0,12 Me, A silicon-crystal harmonic
generator multiplies this FM signal up to 23870,440,56 Mc and introduces it into
the armonia absorption cell. As the frequuncy of the modu“ated centrol signal
sweeps across the absorption~line frequency of the armonia vapor, the signal
reaching the silicon-crystal detector ﬁt the end of the aosorption cell 1s de~
creased, giving an output pulse which strengthiened ond sharpered in the amplifier

r

is

and pulse shaper, A second pulse is generated by comtining in a mixer the output
of the FM oscillator and a 12.5 mezacvele signal from the freguency multiplying
chains The time 1nterval between frc pulse from the obsorpblon cell and the pulse

.from the mixer can then be measurcd in the discriminetors The discriminator gives
zero outpub when the time interval is right; but when the inberval is wrong, it
sends a control signal to the reactance tube, which retunes the crystal oscillator
accordinglys The crystal oscillater is then stabllized against drift and can
maintain the timeckeeping of the svneironcus-mobtor clocizs with extreme accuracy,

FZOTO 17857-6-320
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Figures 8 through 10.

Figure 8, = The 100-kiloeycle freguency sbandard ocmpleys a quartz-crystali oscilla=
tor with 2 reachaonce-tube control cirouits, The "error signal from a
frequency discriminator is passcd through the intograting circuit, which smooths
out 2all fluctuations in the error sigmal exceptstuady changes generated when the.
circult tries to drift in freguency. The output veoltaze of the integrating circuit,
applied to the reactance-tube srid, ccontrols the tuning of the crystal oscillatora
The oscillator output is fed to a frequency divider and also, through the buffer
amplifier, to a frequency multiplier, :

Figure 9, = The limiter, modulator, and multiplier arrangement uses a klystron

tube to multiply the 270-meracycle input sipgnal 11 times before com=-
bining 1t with an FM signal of 13,820,112 Mc. The resulting output signal,
2983,820,12 Mo, is then amplified in another klystron and fed to the harmonic
generator at the input of the ammonia absorption cell, Klystron tubes are used
here because of the extremely high frequencies involwved,

Figurce 10s « In the pulse discriminator, the two pulses bebween which the time
interval 1s to bs measured turn a trigmer circuit or squarc-wave
generator on and off. When the time interval is correct, the on-off cycle generates
no output signal from the vositive and nepative peal: dstectors driven by the
square-wave signale The detectors draw current on the positive and negative peaks
of the square wave, but when the positive and negative portions of the square wave
are of equal duration, they balance and give no d=c oubput. Howover,.if the time
interval between the two input driving pulses gets longer or shorter, the relative
duration of the positive and negabtive parts of the sqguare wave changes so that a
resultant d-c output 1s generanted. No control voltage is generated when the
quartz-crystal oscillator is on the proper frequency to tune the frequency-multiply-
ing chain to the ammonia line, but a control veltage is produced to retune the
oseillator if it 1s tending $o drift, FPHOTQ 17857=7=~320

Figures 11 and 12, » Schematic circult diagrams of the pulse discriminator and the
100-¥ilocycle g uartz~crystal oscillator used in the NBS
Atomic Clock, PHOTO 17857-8=320

Figure 135 = Drc. E, U, Condon (left), Director of the Hational Bureau of Standards
‘ and Dr, Harold Lyons. inventor of the NBS Atomic Clocl, stand before
the control panel of the clocke Lr, Condon is heldinz a medel of the ammonia
molecule whose microwave absorption line (showm on the oscillescope screen at
right) provides the invariant frequency which conteols the timekecening of the
clocke The ammonia gas is malnteined at low pressure in the 30-~foot absorption
cell wound around the synchronous clock {directly above the scientists)e
FHOTO 17857-8~320

Figure 14. - The frequency-deviation record reproduced here shows the actual
veriations in timekecping nccuracy of the NBS Atomic Clock during
a six-hour test run. The narrow portions of the deviation trace, recorded while
the clock was locked to the ammonia absorption line, indiecate a constancy of one
part in ten millison, When the contrcl circuit was unlocked, large frequency
variations occurrcd, as shown by the broad portions of the rocorder trace,
PHOTO 17857-10=320




